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KidneyIntrarenally-produced dopamine (DA) induces a large increase in urinary sodium excretion mainly
due to the inhibition of tubular sodium reabsorption. We aimed to study the participation of reac-
tive oxygen species (ROS) in DA signaling pathway in proximal tubule cells. Our results show that DA
increased ROS production in OK cells and indicate the mitochondria as the main source of ROS. DA
also increased ERK1/2, superoxide dismutase (SOD) and transcription factor jB (NF-jB) activity.
These ﬁndings suggest that DA generates mitochondria-derived ROS that activate ERK1/2 and sub-
sequently NF-jB and SOD activity at concentrations that exert a physiological regulation of renal
function.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Evidence of DA-induced cellular damage has accumulatedDopamine (DA) is a biologically active catecholamine which,
apart from its established neurotransmitter role, regulates a vari-
ety of cellular functions. Physiological effects of DA inﬂuence renal
and intestinal sodium and water homeostasis [1,2], vascular
dynamics [3] and lung alveolar function [4] among others. The re-
nal dopamine system plays an important role in the regulation of
sodium excretion and blood pressure. Numerous studies show that
DA exerts a natriuretic effect mainly dependent on the inhibition of
both proximal and distal tubule sodium reabsorption.
DA is metabolized via monoaminoxidase (MAO) to 3,4-dihy-
droxyphenylacetic acid, a reaction that generates H2O2, but it can
also be rapidly oxidized either spontaneously or enzymatically to
DA semiquinone/quinone which form thiol conjugates with sulfhy-
dryl groups on cysteine, glutathione and proteins exhibiting potent
oxidizing properties [5]. Oxidized DA, through redox cycling [6],
can also generate H2O2 and O2, which are known to evoke lipid,
protein and DNA modiﬁcations.mainly from studies in the central nervous system [7–10] and a
number of investigations point to DA and its metabolites as key
contributors of ROS-induced cell damage in neurodegeneration
and Parkinson’s disease [11,12]. Moreover, ROS have also been syn-
dicated in the development of hypertension [13] and oxidative
stress during hypertensive states is known to impair the effects
of DA within the kidney [14]. This is consistent with the notion that
high levels of ROS are generated during the course of many patho-
logical conditions and that they play a causative role in the etiology
of a diverse array of diseases. Low levels of ROS, however, are gen-
erated in a highly controlled manner by various cell types to act as
cellular messengers in redox-sensitive pathways and a growing
body of evidence challenges the idea of ROS as mere intermediaries
of disease [15]. In view of its potential to generate ROS, DA regula-
tion of water and electrolyte transport within the kidney should in-
volve minute amounts of those species and/or invoke an adequate
antioxidant response in order to avoid damage to the cell
environment.
Evidence indicates that ROS mediate the activation of MAP ki-
nases (MAPKs) in multiple cell types. In particular, it has been sug-
gested that the activation of MAPKs by hypoxia or albumin is a
function of ROS generation, but also angiotensin II and aldosterone
modulate the activity of ERK1/2, JNK and p38 [16–19]. We thus
sought to study the participation of ROS in the signal transduction
pathway activated by DA in renal proximal tubule cells, and also to
Fig. 1. Dopamine promotes ROS generation in OK cells. OK cells were serum-
starved for 24 h, loaded with DCFH-DA and incubated with 1 lM DA (d) or its
vehicle (s) for the indicated times (A), with the indicated concentrations of DA for
5 min (B) or with 1 lM DA alone or following preincubation (30 min) with 1 mM N-
acetylcysteine (NAC), 1 lM pargyline (Parg), 100 lM ouabain (Ouab), 10 lM
diphenyliodonium (DPI), 1 lM rotenone (Rot), 500 nM myxothiazol (Mtz), 50 lM
PD98059 (PD) or 10 nM Ro 31-8220 (Ro) as indicated (C) and ROS levels measured
by ﬂuorescence. Results are expressed as ﬂuorescence of a representative recording
(A), integrated area under the curve (AUC) of the continuous 5 min reading (B) or as
% of control of the AUC of a 5 min recording (C) and represent the mean ± S.E.M.
arbitrary units of 5 experiments performed in triplicates. ⁄⁄P < 0.01 vs. control (B);
⁄P < 0.05 vs. DA alone (C) by ANOVA followed by Tukey post test.
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vide evidence of the generation of mitochondria-derived ROS even
with low DA concentrations, suggestive of a messenger role for ROS
in cellular redox regulation, and also of DA-induced activation of
ERK1/2, nuclear transcription factor jB (NF-jB) and superoxide
dismutase (SOD) at concentrations that exert a physiological regu-
lation of renal function.
2. Materials and methods
2.1. Cell culture
OK cells, a cell line derived from Opossum kidney proximal
tubular cells, were obtained from The American Type Culture Col-
lection and cultured in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), penicil-
lin/streptomycin (100 IU/ml and 100 lg/ml, respectively) and
2 mM L-glutamine in a humidiﬁed atmosphere of 5% CO2/95% air
at 37 C, between passage 15 and 35.
2.2. Measurement of reactive oxygen species
ROS production was determined using 20,70-dichloroﬂuorescein
diacetate (DCFH-DA). Cells were seeded, grown to 70% conﬂuence,
serum-starved for 24 h and then loaded for 30 min with DCFH-DA
(10 lM) in serum-free DMEM at 37 C. Thereafter, cells were
washed twice with Hanks’ Balanced Salt Solution (HBSS), incu-
bated with the indicated agonists in HBSS and the ﬂuorescence
(485/20 and 528/20 nm excitation and emission respectively) as-
sessed in a Biotek Instruments Synergy HT multiplate reader.
2.3. Western blot analysis
OK cells were seeded, grown to 70% conﬂuence and serum-
starved for 24 h before the experiments. After incubation with
the different agonists, for MAPKs phosphorylation, cyclin D1, 5-
LOX and COX-2 experiments, cells were scraped on ice in a buffer
containing 20 mM Tris–HCl (pH 7.4), 0.5% Triton X-100, 1 mM
EGTA, 1 mM EDTA, 150 mMNaCl, 50 mMNaF, 40 mM glycerophos-
phate, 1 mM PMSF, 2 mM sodium orthovanadate, 1 lg/ml aproti-
nin, 10 lM leupeptin and 1 lM pepstatin. For translocation of
Rel-A protein, nuclei were obtained by differential centrifugation
as previously described [20]. Brieﬂy, cells were washed in PBS, har-
vested and homogenized by mechanical disruption with a pellet
pestle motor in a buffer containing 20 mM HEPES–KOH (pH 7.4),
0.25 M sucrose, 1 mM EDTA, protease and phosphatase inhibitors.
Homogenates were centrifuged at 1000g for 10 min and the
resulting pellet was resuspended in the same buffer and nuclei dis-
rupted by sonication.
Proteins were then separated on polyacrylamide gels, electro-
transferred to PVDF membranes, incubated with antibodies against
the phosphorylated forms of JNK (pJNK), p38 (pp38) and of ERK1/2
(pERK1/2) or against RelA (p65), cyclin D1, 5-lipooxigenase (5-
LOX) and cyclooxygenase-2 (COX-2) and developed using the en-
hanced chemiluminescence reagent. Membranes were then
stripped and reprobed using anti total ERK1/2, anti b-tubulin or
anti histone H2B antibody as loading controls, and quantitated
using the ImageQuant 5.2 software.
2.4. Superoxide dismutase activity determination
SOD activity was assayed as previously described [21]. Brieﬂy,
cells were serum-starved for 24 h, incubated with the different
agonists, scraped on ice in a buffer containing 50 mM Tris (pH
7.4) and 1 mM EDTA, and sonicated for 30 s. The suspension wascentrifuged at 12000g for 10 min at 4 C and the resulting super-
natant assayed in a reaction mixture containing 50 mM Tris (pH
8.6), 1 mM EDTA, 100 lM pyrogallol at 470 nm at 5 s intervals
for 3 min in a Synergy HT multiplate reader against a blank con-
taining all components except the enzyme preparation and pyro-
gallol. The rate of auto-oxidation of pyrogallol was considered as
100% auto-oxidation.
Fig. 2. Dopamine-induced ERK activation. OK cells were serum-starved for 24 h and incubated with 1 lM DA for 5 min (A, D and E) or during the indicated times (C) or with
the indicated concentrations of DA for 5 min (B). Where indicated, cells were preincubated for 30 min with 1 mM N-acetylcysteine (NAC) or 100 lM ouabain (Ouab) prior to
DA stimulation. Total cell lysates were immunoblotted using speciﬁc antibodies against pJNK, pp38 and pERK, and against b-tubulin or total ERK, and intensity of speciﬁc
bands quantitated. Panel A shows representative immunoblots, whereas panels B–E show representative immunoblots and quantitations expressed as the mean ± S.E.M. of
the ratio of phospho-ERK/total ERK in arbitrary units, in all cases of three independent experiments. ⁄P < 0.05; ⁄⁄P < 0.01 vs respective control by ANOVA followed by Tukey
test.
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Cells were serum-starved for 24 h, incubated with the different
agonists, scraped on ice-cold PBS and centrifuged (1500g, 4 C)
for 8 min. The pellet was suspended and lysed by repeated freezing
and thawing in a buffer containing 50 mM potassium phosphate
and 2% Triton X-100, pH 7.4. The extract was spun for 5 min at
1500g and activity determined spectrophotometrically
(240 nm) at 5 s intervals for 60 s after addition of H2O2 (36 v) to
the supernatant as described [22].
2.6. Cell proliferation assay
Cells were serum-starved for 24 h and either incubated with
1 lM DA, vehicle or 10% FBS for 5 min, rinsed and cultured for
24, 48 or 72 h, or incubated with the same stimuli for 24, 48 or
72 h. In all cases, cell proliferation was determined at 24, 48 and
72 h after stimulation by staining with 0.05% crystal violet in 10%
ethanol following ﬁxation for 15 min in 10% formol. The dye was
eluted with 50% distilled water, 50% ethanol and 0.1% glacial acetic
acid and proliferation measured spectrophotometrically at 620 nm
using a Synergy HT multiplate reader.
2.7. NF-jB activity determination
OK cells were seeded and grown up to 80% conﬂuence, then
transiently-transfected for 6 h with a eukaryotic expression vector
carrying three consensus jB sequences fused in frame to the Fireﬂy
Luciferase-encoding cDNA (NF-jB-Luc), by lipofection inOpti-MEM medium and allowed to recover overnight in DMEM
medium. Cells were then reseeded in 24-wells plates, grown for
an extra 24 h period and serum-starved for 24 h prior to the exper-
iment. Luciferase activity was measured using the Promega Lucif-
erase Assay System in a Synergy HT multiplate reader and
normalized using protein content of the respective sample.
3. Results
3.1. Dopamine stimulation of OK cells results in elevation of
mitochondria-derived ROS
We ﬁrst evaluated whether DA, in concentrations known to reg-
ulate sodium transport in proximal tubules, affects cellular redox
state by on line recording of live DCFH-loaded OK cells. DA induced
a rapid and time-dependent elevation of ROS intracellular levels
(Fig. 1A). The effect of DA was also concentration-dependent, as
DA produced a signiﬁcant elevation of ROS when used at nanomo-
lar concentrations and the effect was signiﬁcant up to 106 M
(Fig. 1B).
Cells were pretreated with pargyline, diphenyliodonium, rote-
none, myxothiazol, Ro 31–8220, PD98059 and ouabain as MAO,
NADPH oxidase, mitochondrial complexes I and III, PKC, ERK1/2
activating pathway and Na+, K+-ATPase inhibitors, respectively to
determine the source of ROS. Neither pargyline, nor DPI,
PD98059 or ouabain changed the effect of DA, whereas rotenone,
myothiazol and Ro 31–8220 abolished the DA-mediated rise in
ROS. Expectedly, the antioxidant N-acetyl-L-cysteine (NAC) blunted
DA-mediated ROS generation (Fig. 1C).
Fig. 3. Effect of dopamine on OK cell proliferation. OK cells were serum-starved for
24 h and incubated with 1 lM DA ( ), 10% fetal bovine serum (j) or vehicle (h) for
5 min and proliferation evaluated after 24, 48 or 72 h culture in fresh serum-free
medium (wash-out protocol, A) or with 1 lM DA ( ), 10% FBS (j) or vehicle (h) for
24, 48 or 72 h prior to the determination of cell proliferation (continuous exposure
protocol, B) by crystal violet staining. Insets show the effect of 1 lM DA or its
vehicle (Co) on cyclin D1 expression in OK cell homogenates for the wash-out
protocol (A) or continuous exposure protocol (B) by Western blot. For crystal violet
staining, results are expressed as the mean ± S.E.M. OD 620 nm, whereas for
Western blots the ﬁgure shows representative chemiluminescence detections of
cyclin D1 and b-tubulin (loading control) by speciﬁc antibodies. ⁄P < 0.05;
⁄⁄P < 0.01; ⁄⁄⁄P < 0.001 vs respective control by ANOVA followed by Tukey test.
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Next, the effect of DA on MAPKs phosphorylation was exam-
ined. DA promoted the phosphorylation of ERK1/2, whereas both
JNK and p38 were unaffected (Fig. 2A). DA promoted a concentra-
tion-, and time-dependent activation of ERK1/2 as the effect was
evident when cells were exposed to 107 M and maximum at
106 M DA (Fig. 2B) and it showed a rapid onset, 2.5 min, peaked
at 5 min and ceased after 15 min of stimulation (Fig. 2C). NAC
blunted DA-mediated ERK1/2 activation, whereas ouabain
(104 M) had no effect on either basal or DA-activated ERK1/2
phosphorylation (Fig. 2D and E).
In view of the effect of DA on ERK activation, we tested if DA in-
creased cell proliferation. For that purpose, serum-starved cells
were incubated in the presence of 106 M DA for 5 min, after which
the medium was replaced and cells allowed to grow for up to 72 h
after stimulation, or the cells were incubated in the presence of DA
for 24, 48 or 72 h. A 5 min DA pulse affected neither cell prolifera-
tion nor cyclin D1 expression, which remained undetected under
these conditions (Fig. 3A). A signiﬁcant effect of DA was observed
only when cells were continuously exposed to DA for 48 h
(Fig. 3B), an effect that is also manifested by an increase in cyclin
D1 levels while, expectedly, addition of 10% fetal bovine serum
to the culture produced a marked stimulation of cell proliferation.
3.3. Dopamine mediates the stimulation of SOD but not of CAT activity
We also investigated if DA-mediated effect on ROS levels im-
pacted on SOD and CAT activity. DA (106 M) increased SODactivity in a time-, and concentration-dependent fashion (Fig. 4A
and B) and the effect was blunted by NAC, Ro 31–8220 and
PD98059 (Fig. 4C). On the other hand, DA had no effect on CAT
activity at the concentrations and times employed in this study
(Fig. 4D).
3.4. Dopamine activates NF-jB
The effect of DA on NF-jB on live OK cells transiently-transfec-
ted with a vector carrying three consensus jB sequences fused to
Fireﬂy Luciferase-encoding cDNA (NF-jB-Luc) was also studied.
DA (106 M) promoted a time-dependent activation of NF-jB
(Fig. 5A). The activation of NF-jB was accompanied by transloca-
tion of RelA (p65) to the nucleus, as indicated by Western blot
analysis of nuclear extracts of DA-treated OK cells (Fig. 5B). Expect-
edly, the effect of DA was abolished by preincubation of the cells
with NAC and parthenolide (an inhibitor of NF-jB activity). NF-
jB activation was dependent on PKC and on ERK1/2 activation,
as observed when cells were preincubated in the presence of Ro
31–8220 and PD90859, respectively (Fig. 5B).
3.5. Dopamine induces the expression of 5-lipoxygenase and of
cyclooxygenase-2
5-LOX and COX-2 are known targets of NF-jB regulation. Thus,
we have also explored the effect of DA on the expression of both
enzymes in OK cells. Incubation of the cells with 106 M DA re-
sulted in a time-dependent increase in protein expression of both
5-LOX and COX-2, an effect that became evident only after
30 min of incubation and resulted maximal after 120 min of DA
exposure (Fig. 6).
4. Discussion
The present study demonstrates that dopamine inﬂuences the
redox state of OK cells via the generation of mitochondrial ROS.
We have used DCFH [23] to analyze the effect of DA on ROS levels
and found that DA promotes a fast and concentration-dependent
elevation of ROS, within the time frame and at concentrations that
exert a physiological regulation of renal function.
Reactive oxygen species are produced in all aerobic organisms
as a result of metabolic processes or due to noxious agents.
Although the reactivity of ROS explains the deleterious effects they
can cause, low levels are generated in a controlled manner to act as
regulators of redox-sensitive processes. Indeed, increasing evi-
dence supports a signaling role for ROS in the regulation of cell
growth, proliferation, migration and apoptosis [24].
In mammalian cells, ROS are mainly produced by the mitochon-
dria and by NADPH-oxidase. Our experiments implicated mito-
chondria as the major source of ROS. The speciﬁc site(s) within
the mitochondria where ROS are produced is a matter of debate,
but complexes I and III are often implicated [25]. Both rotenone
and myxothiazol substantially reduced DA-induced ROS, indicating
that they are produced at both complexes in OK mitochondria.
Moreover, we can rule out MAO degradation and Na+,K+-ATPase
inhibition as possible sources of ROS in OK cells, as pargyline and
ouabain did not modify the effect of DA. MAO could contribute
to ROS generation since it produces H2O2 during DA metabolism
and ROS elevations secondary to Na+,K+-ATPase inhibition have
been reported in cardiac myocites [26]. The fact that DA effect
was blunted in the presence of a PKC inhibitor excludes also a
non-speciﬁc effect and suggests the involvement of PKC in the
process.
The participation of MAPKs in DA-activated signal cascade was
also explored. Of the kinases assayed, ERK1/2 became phosphory-
Fig. 4. Effect of dopamine on SOD and CAT activity. OK cells were serum-starved for 24 h and incubated with 1 lMDA for the indicated times (A and D), with the indicated DA
concentrations during 15 min (B) or with 1 lM DA or vehicle (Co) for 15 min following preincubation of the cells (30 min) with 1 mM N-acetylcysteine (NAC), 10 nM Ro 31-
8220 (Ro) or 50 lM PD98059 (PD) as indicated (C) and SOD (A–C) or CAT (D) determined. Results are expressed as the mean ± S.E.M. U/mg protein or nmol H2O2/mg protein/
min for SOD and CAT, respectively. ⁄⁄P < 0.01 vs respective control by ANOVA followed by Tukey test.
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levels. Moreover, our results indicate that ERK1/2 become acti-
vated in response to ROS elevations, thus pointing to a down-
stream function in the signal transduction cascade. Concordant
with that observed for ROS, ouabain had no effect on ERK1/2
phosphorylation.
When present at high and/or sustained levels ROS can cause se-
vere damage thus, cells carry an intricate antioxidant defense sys-
tem including enzymatic and non-enzymatic scavengers. Our
experiments show a rapid and transient increase of SOD, with no
effect on CAT activity, on cells exposed to DA. Although an activa-
tion of antioxidant defenses seems logical following ROS genera-
tion, the current paradigm of SOD regulation is based on
transcriptional control [27]. One possible explanation is a rapid
posttranlational regulation of SOD activity, to prevent damage
from O2-. One such mechanism has been described in bacteria
[28]. Our experiments show that DA-induced SOD activation is pre-
vented by inhibition of the ERK1/2 pathway.
Since ERK signaling is involved in cell proliferation, we tested
whether DA promotes cell growth. Under the conditions employed
here DA, at concentrations and times that result in ROS generation
and ERK1/2 activation, produced no effect on cell proliferation.
Only after continuous exposure to DA for 48 h does cell prolifera-
tion become signiﬁcantly elevated over controls. Similar results
were obtained by studying cyclin D1 expression in OK cell lysates
by Western blot. Cyclin D1 was detected in the homogenates of
cells that were exposed to DA for at least 24 h. In cells subjected
to the wash-out protocol, cyclin D1 was below detection levels
for the different conditions studied and became apparent only after
prolonged overexposure of the immunoblots. Thus, our results sug-
gest that activation of ERK1/2, in the context of DA regulation ofproximal tubule cells, may serve to regulate transport mechanisms
and not to control cell proliferation. In view of our results linking
ERK and SOD activity, a role for ERK1/2 in the regulation of the
antioxidant response seems plausible.
In our experiments, DA also increased the activity of a reporter
plasmid carrying a NF-jB binding consensus sequence. The effect
of DA was time-dependent with a signiﬁcant increase in
luciferase activity occurring as early as 5 min. The involvement
of NF-jB in DA signaling pathway was further evidenced by the
nuclear translocation of RelA (p65) as shown in Fig. 5B. The effect
of DA on NF-jB was blunted by preincubation of the cells with a
ROS scavenger and with the NF-jB inhibitor parthenolide.
Therefore, we conclude that NF-jB activation is an event
dependent on ROS. In addition, the fact that Ro 31–8220 and
PD98059 abolish NF-jB activation suggest that PKC and ERK1/2
are involved in this activation.
A myriad of stimuli can rapidly activate the Rel/NF-jB family of
eukaryotic transcription factors by freeing them from their inhibi-
tor and enabling them to translocate to the nucleus. Active NF-jB
promotes, in its turn, the expression of a diverse array of target
genes [29]. Products of the cyclooxygenases, 5-lipoxygenase, and
cytochrome P450 pathways of arachidonic acid metabolism play
a major role in renal physiology and hemodynamics. In view of
that, we have explored a possible effect of DA on two well recog-
nized targets of NF-jB, namely 5-LOX and COX-2. We found that
DA regulates the expression of both 5-LOX and of COX-2 in OK
cells. Together, these results indicate that ROS-induced ERK1/2
activation that follows DA stimulation would also result in NF-jB
activation and, consequently, in the regulation of eicosanoid
metabolism possibly through NF-jB-dependent gene
transcription.
Fig. 5. Effect of dopamine on NF-jB activity. OK cells were transiently-transfected
with a eukaryotic expression vector carrying an NF-jB-Luc encoding cDNA, grown
for an extra 24 h period and serum-starved for 24 h prior to incubation with 1 lM
DA for the indicated times (A) or for 15 min, alone or following a 30 min
preincubation with 1 mM N-acetylcysteine (NAC), 5 lM parthenolide (Ptl), 10 nM
Ro 31-8220 (Ro) or 50 lM PD98059 (PD) as indicated (C) and luciferase activity
determined, or serum-starved for 24 h and incubated with 1 lM DA for the
indicated times, homogenized and nuclei separated by subcellular fractionation and
nuclear proteins subjected to immunoblot using speciﬁc anti Rel-A (p65) and
Histone H2B (loading control) antibodies (B). Results represent NF-jB-Luc activity
and are expressed as the mean ± S.E.M. % of control of three independent
experiments performed in triplicates (A and C) or a representative immunoblot
performed as described in Section 2 (B). ⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001 vs control
by ANOVA followed by Tukey test. (a) P < 0.01 vs control; (b) P < 0.001; (c) P < 0.05;
(d) P < 0.01 vs dopamine, by Student’s t-test.
Fig. 6. Effect of dopamine on 5-lipooxigenase (5-LOX) and on ciclooxigenase-2
(COX-2) expression. OK cells were serum-starved for 24 h and incubated with 1 lM
DA for the indicated times. Total cell lysates were immunoblotted using speciﬁc
antibodies against 5-LOX and COX-2, and against b-tubulin as loading control. The
ﬁgure show representative immunoblots of experiments performed in triplicates.
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dopamine within the renal proximal tubule by conﬁrming the par-
ticipation of ROS in its signal transduction cascade. An integratedview of these ﬁndings implies that DA activates PKC and promotes
ROS generation at the mitochondria. Generated ROS will, in turn,
activate ERK1/2 that will stimulate SOD activity and also NF-jB.
ROS generation in the context of the physiological regulation of
water and electrolyte transport is indicative of a redox-based con-
trol mechanism and our results are therefore consistent with a
physiological setup in which they are part of DA’s signal transduc-
tion pathway. Thus, we interpret our data as evidence of a messen-
ger role for ROS in OK cells, a role that implies also an adaptative
effect that could prevent damage through a rapid up-regulation
of antioxidant defenses and by a later transcriptional regulation
if cells are exposed to DA in either high concentrations or for longer
periods of time.
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